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1 INTRODUCTION 
 
Mechanical rock cutting is a major technique used in 
tunnelling by tunnel boring machine and rock drill-
ing in mining, petroleum and geothermal engineer-
ing. Considering the extent and economic impor-
tance of tunnelling and drilling, research is highly 
required for improving the cutting action. Until now, 
the physical mechanisms of rock fragmentation in 
mechanical rock cutting have been extensively stu-
died by both analytical and experimental methods. 
Recently, with the rapid development of computer 
power, interactive computer graphics, and topologi-
cal data structure, numerical tools have also become 
an important means to gain some insights into the 
rock-tool fragmentation mechanisms (Alehossein 
and Hood, 1996; Tan et al.; 1997; Huang et al., 
1998; Liu et al., 2002; Gong et al., 2006; Liu et al., 
2008). Due to the extremely complicated nature of 
the problem, most of numerical models only consid-
er the progressive penetration into rock in mechani-
cal rock cutting but not as a dynamic interaction be-
tween the tool and rock (Chiang and Elias, 2008). 
However, as shown in Figure 1, the process in me-
chanical rock cutting begins when a piston is accele-
rated to a certain velocity by some means such as air 
or hydraulic pressure. The piston collides with a 
second body, usually known as bit, so that some of 
the kinetic energy of the piston is transferred to the 
bit by means of a stress wave. The stress wave tra-
vels through the bit until it reaches the end in contact 
with rock. This study is trying to develop a numeri-
cal model based on the finite element method, con-
tact mechanics, and smooth particle applied mechan-
ics (SPAM) method to simulate the impact 
phenomenon and resultant rock fragmentation in 
mechanical rock cutting. The finite element method 
allows the model to simulate the energy transmission 
between the hammer components, the contact me-
chanics permits the model to deal with the rock-tool 
interaction, and the SPAM makes the model robust 
in modeling the rock fragmentation process.    
2 NUMERICAL METHODS 
2.1 Introduction to SPAM 
As introduced previously, finite element methods 
and contact mechanics have been used extensively in 
investigating mechanical rock cutting. However, 
smooth particle applied mechanics (SPAM) a rela-
tively new method and has not widely used in solid 
mechanics. Thus, only SPAM is introduced in detail 
here. SPAM is usually called smooth particle hydro-
dynamics (SPH), which is initially developed to si-
mulate astrophysical problem. In recent years, SPH 
has been developed to become a versatile method in 
the study of continuum mechanics and fracture in 
solids. In this case, SPH is usually called as SPAM. 
SPAM is a Lagrangian particle method without 
background spatial mesh. Since there is no mesh to 
distort, the method can handle large deformations in 
a pure Lagrangian frame. Thus, material interfaces 
are followed naturally, and complex constitutive be-
haviour can be implemented simply and accurately. 
In SPAM, the conservation laws of continuum dy-
namics, in the form of partial differential equations, 
are transformed into integral equations through the 
use of an interpolation function that gives the kernel 
estimate of the field variables at a point. Computa-
tionally, information is known only at discrete 
points, so that the integrals are evaluated as sums 
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over neighbouring particles. The reason that an un-
derlying grid is not needed is that functions are eva-
luated using their values at the discrete neighbouring 
points and an interpolation kernel. The transforma-
tion of the mass, momentum and energy conserva-
tion equations in continuum mechanics into particle 
equations yields the following set of SPH equations 
(Monaghan, 2005):  
          (1) 
          (2) 
      (3) 
where  = density; t = time; m = mass; U = dis-
placement vector; W = interpolation kernel;  = 
stress tensor; and E = specific internal energy. A 
given particle has a density change, an acceleration 
change, and an internal energy change given by Eqs. 
1-3. The interpolation kernel or smoothing function 
most widely used in SPH is the B-spline (Monaghan, 
2005):   
       (4) 
For mechanical rock cutting modelling, the most 
appealing attribute of SPAM is its ability to fracture 
in a realistic manner without unduly compromising 
its ability for subsequent computation. Under expan-
sive strain fields, SPAM will fracture numerically 
due to loss of communication between neighbours 
unless provisions are made for a comparable expan-
sion of the smoothing length. Therefore, SPAM 
permits the study of the large deformations that oc-
curs near the cutting tool without the loss of accura-
cy and stability associated with finite element analy-
sis. The problems of element inversion and material 
separation, which confound finite element analysis, 
are handled smoothly and resolution in the vicinity 
of the cutting tool is achieved in a natural and easy 
manner. 
2.2 Numerical model  
The numerical model is shown in Figure 1. The 
geometry of the piston, bit, and tungsten carbide but-
ton follows that described by Chiang and Elias 
(2008). The piston has a cylinder shape with two dif-
ferent cross-sections, whose diameters are 60mm 
and 30 mm. The bit has also a cylinder shape but 
with three cross-sections and the diameters of the 
cross sections are 30mm, 80mm and 30mm, respec-
tively. The head of the button has a sphere shape 
with a radius of 8mm. It is simplified as an axis-
symmetrical problem in the numerical model shown 
in Figure 1. The piston, bit and button are discretized 
using finite elements with elastic models since oth-
erwise, after a very few impacts, the hammer would 
become useless because of plastic deformation. In 
practice, the drill bit, which has the shortest life span 
of any of the main components of the impact ham-
mer, will last of the order of several million cycles. 
The elastic modulus, Poisson’s ratio and density of 
piston and bit are 2.1e+11 N/m2, 0.30 and 7800 
kg/m3, respectively, and those of tungsten carbide 
button are 7.0e+11 N/m2, 0.22 and 1450 kg/m3, re-


















Figure 1. Geometrical and numerical models for the piston, bit, 
button and rock (the area around the interface between button 
and rock is magnified to show the button geometry and the 












Figure 2. Stress wave propagation in the piston, bit and button   
 
The interactions between different components 
are modeled using master and slave contact pairs, 
where the surface of one component is defined as the 
mater surface and that of the other component is de-
fined as slave surface. A kinematic constraint that 
the slave surface nodes do not penetrate the master 
surface is then enforced. The contact capability is 
then implemented by means of contact elements by 
assigning contact property models. In this paper, the 
so-called smooth contact model is used. It assumes 
that the surfaces transmit no contact pressure unless 
the nodes of the slave surface contact master surface 
and there is no limit to the magnitude of contact 
pressure that can be transmitted when the surfaces 
are in contact. Moreover, it is assumes that contact 
between surfaces is frictionless and there is no 
damping force to oppose the relative motion be-
tween the interacting surfaces.  
c) t = 0.6 ms a) t = 0.69 ms b) t = 0.72 ms 
The rock is modeled using SPAM particles. The 
properties of rocks are density = 2600 kg/m3, bulk 
modulus = 52.4 GPa, shear modulus = 39.6 GPa, 
static tensile strength = 20 MPa, and static shear 
strength = 200 MPa. However, it is well known that 
dynamic fracture simulation under high strain rate 
requires dynamic strength value, which should in-
crease with increasing strain rate (Zhao, 2000). 
Since the relationship between dynamic strength and 
strain rate for general rock is currently not available, 
constant dynamic strengths, i.e. two times their static 
values, are chosen in this paper. In other words, in 
this simulation, the dynamic tensile strength is 40 
MPa and the dynamic shear strength is 400 MPa. 
During the process of stress wave propagation, ten-
sile stresses or shear stresses do occur and cause 
rock material to failure in tension or in shear, there-
fore, a modified principal stress failure criterion is 
applied to determine material status, which is suita-
ble for describing material tensile failure or shear 
failure. The modified principal stress failure crite-
rion dictates that when the major principal stress of 
the maximum shear stress in an element exceeds ma-
terial dynamic tensile or shear strength, the element 
fails. After an element has failed, it will not be able 
to sustain any tensile and shear loadings, but it is 
still able to sustain compressive loading.  
3 NUMERICAL RESULTS 
3.1 Modelling impact energy transmission  
The impact process begins when the piston with a 
prescribed velocity 7m/s collides with the bit. In 
practice, the piston may be accelerated to the veloci-
ty by air or hydraulic pressure or even gravity. How-
ever, a constant velocity is specified for the piston. 
During the impaction, part of the kinetic energy of 
the piston is transferred to the bit by means of a 
stress wave, as shown in Figure 2. The stress wave 
travels through the bit until it reaches the end in con-
tact with the rock. High stresses are then developed 
at the button-rock interface to fragment the rock. 
Moreover, at each body interface and also at every 
geometric singularity (i.e. section change) within 
each body, the stress wave originated by the impact 
is partially reflected and transmitted. It can be seen 
from Figure 2 that at any instant, the stress wave pat-
tern is very complex. The stress wave energy actual-
ly transmitted to the rock is a fraction of the stress 
wave energy originated in the impact between rock 
and bit. The rock itself, while absorbing the energy 
from the incoming stress wave, will also reflect a 
certain amount back to the hammer and its support-
ing structure. Some of the energy passed to the rock 
will produce failure and fracture, which will be ex-
plained in more detail in Sections 3.2 and 3.3, and 
the rest is elastic energy that is eventually dissipated 
far away from the damaged zone.  
3.2 Modelling dynamic fracture in indentation  
As the tungsten carbide button installed on the bit 
impacts the rock, one or more of the flaws firstly nu-
cleates a crack around the two corners of the button, 
as shown in Figure 3 i). It should be noted that a cyl-
inder button is used in the fracture modelling instead 
of the spherical button shown in Figure 1. It is inter-
esting to find that, although the rock immediately 
beneath the button is highly stressed, it does not fail 
primarily because of the high confining pressure. On 
the contrary, cracks initiate first on both corners of 
the cylindrical button to form cone cracks. Accord-
ing to the numerical model described in Section 2.2, 
rock may fail in the following modes: tensile frac-
ture and shear fracture. The mechanism of formation 
of cone cracks is tensile failure, as shown in Figure 3 
i)-a) to c). The cone cracks have the approximately 
























Figure 3. Dynamic fracture propagation in rock indentation and 








Figure 4. Static fracture pattern modeled using the RT2D code  
 
With the stress wave propagating, the cone cracks 
driven by tensile stresses run downward along the 
stress trajectories of the maximum principal stresses 
in the well-known conical Hertzian mode. At the 
same time, due to increasing stress, the elements 
immediately beneath the button fail. Some of them 
fail, even if there is a high confining pressure, in the 
i) Indentation ii) Cutting 











shear mode, as shown in Figure 3 i)-d). Others are 
compressed into failure because the formation of 
cone cracks and shear failure release the confining 
pressure. The crushed zone gradually comes into be-
ing as the elements in the high confining pressure 
zone fail. Unlike the author’s static modelling using 
the rock and tool interaction code (Liu et al., 2008) 
as shown in Figure 4 i), there are little signs for the 
formation of the side cracks in the dynamic model-
ling. Thus, according to the dynamic modelling, it 
seems that Hertzian cracks also plays an important 
role for the formation of rock chipping in rock bor-
ing.  
3.3 Modelling dynamic fracture in cutting  
Figure 3 ii) depicts the development of the fracture 
process in rock cutting modeled using SPAM. It can 
be seen that cracks sprout first at the lower edge of 
the cutter and propagate, dipping into the rock at ap-
proximately 450 in the direction of the cutter move-
ment. The mechanism of the calculated cracks is 
tensile failure. That is because the tensile strength of 
brittle material is far lower than the compressive 
strength. Ahead of the cutter, the rock is highly 
stressed and it is in a triaxial state due to the high 
confining pressure. Therefore, the rock in this zone 
does not fail at the initial stage of cutting. As the 
stress wave propagates, tensile cracks sprout at the 
upper edges of the cutter, and at the same time the 
cracks initiated from the lower edge of the cutter 
propagate downward. With continuous cutter 
movements, compressive failure occurs ahead of the 
confining pressure zone and the crushed zone gradu-
ally comes into being with a dimension similar to 
that of the cutter-rock interface. The crushed zone 
has an important influence on the subsequent devel-
opment of the crack system, which changes the 
transferring direction of the force applied by the cut-
ter. Before the formation of the crushed zone all of 
the cracks show a tendency to dip down into the 
rock. Associated with the crushed zone there must 
be a volumetric expansion and a tensile stress field, 
which result in tensile crack propagation and the 
formation of chipping cracks. After that, the main 
chipping crack propagates in a curvilinear path but 
approximately parallel to the free surface of the 
rock. The subsurface cracks propagate in a curvili-
near path to dip into the rock at a certain angle in the 
direction of the cutter movement and remain in the 
rock to form subsurface cracks for the next cutting 
cycle. 
3.4 Comparison with static modelling  
The static modeling of the fracture processes in rock 
indentation and cutting has been conducted before 
by the author through developing the rock and tool 
interaction (RT2D) code (Liu et al., 2002 and 2008), 
as shown in Figure 4. The comparison between dy-
namic and static modelings confirms the conceptual 
model for fracture pattern of rock under mechanical 
loading proposed by the author (Liu et al., 2008). 
However, in dynamic modeling, failures are more 
localized around the rock-button interaction inter-
face compared with those in static modeling.  
4 CONCLUSIONS 
Dynamic fracture of rock in mechanical rock cutting 
is modeled using smooth particle hydrodynamics 
coupled with mechanical fracture models, which 
take into account the interaction between various 
components in boring and fracture of rock under im-
pact loads. It is concluded that smooth particle ap-
plied mechanics is a versatile method in the study of 
fracture of rock under impact loading because of its 
ability in handling large deformations in a pure La-
grangian frame and dealing with element inversion 
and material separation in a natural and easy man-
ner, which confound traditional numerical methods.  
ACKNOWLEDGEMENTS 
The authors thank Dr. X.S. Wang for accessing their 
institution’s smooth particle applied mechanics code 
used in this study.  
REFERENCES 
Alehossein, H., and Hood, M. 1996. State-of-the-art review of 
rock models for disc roller cutters. In M. Aubertin, F. Has- 
sani, and H. Mitri, eds., Rock mechanics: 693-700. Rotter-
dam: Balkema 
Chiang, L.E., and Elias, D.A. 2008. A 3D FEM methodology 
for simulating the impact in rock-drilling hammers. Int J 
Rock Mech Min Sci 45: 701-711 
Gong, Q.M., Jiao, Y.Y. Zhao, J. 2006. Numerical modeling of 
the effects of joint spacing on rock fragmentation by TBM 
cutters. Tunnell Undergr Space Tech 21: 46-55 
Huang, H., Damjanac, B., and Detournay, E. 1998. Normal 
wedge indentation in rocks with lateral confinement. Rock 
Mech Rock Eng, 31(2): 81–94 
Liu, H.Y., Kou, S.Q., and Lindqvist, P.A. 2002. Numerical si-
mulation of the fracture process in cutting heterogeneous 
brittle material. Int J Numer Analyt Meth Geomech 26(13): 
1253–1278. 
Liu, H.Y., Kou, S.Q., and Lindqvist, P.A. 2008. Numerical 
studies on bit-rock fragmentation mechanisms. Int J Geo-
mechanics 8(1): 45-67 
Monaghan, J.J. 2005. Smoothed particle hydrodynamics. Re-
ports on Progress in Physics 68: 1703-1759 
Tan, X.C., Lindqvist, P.A., and Kou, S.Q. 1997. Application of 
a splitting fracture model to the simulation of rock indenta-
tion subsurface fractures. Int J Numer Analyt Meth Geo-
mech 21(1): 1–13. 
Zhao, J. 2000. Application of Mohr-Coulomb and Hoek-Brown 
strength criteria to the dynamic strength of brittle rock. Int J 
Rock Mech Min Sci 37: 105-112 
